Thin film composite (TFC) polyamide membranes are extensively used as selective barriers in reverse osmosis processes. The major challenge faced with TFC membranes is significant fouling on the surface, which restricts the overall purification performance. To address the fouling problem, we developed novel fouling-resistant surface coatings via polyelectrolyte [poly(allylamine hydrochloride)/poly(styrene sulfonate)] layer-by-layer self-assembly, functionalized with patterned antimicrobial and antifouling/fouling-release polymer brushes. Two types of different polymer brushes, among antimicrobial poly(quaternary ammonium), antifouling poly(sulfobetaine) and fouling-release poly(dimethylsiloxane) (PDMS), were selected and grafted in a checkerboard pattern, with a square feature of 2 µm. The successful patterning and incorporation of different polymer brushes on the membrane was confirmed through X-ray photoelectron spectroscopy analysis.
INTRODUCTION
The reverse osmosis (RO) process, which uses semi-permeable membranes to achieve selective mass transport, has become the most versatile and efficient technique to produce fresh water from saline water and other wastewater sources (Fritzmann et al. ) . As the core of the RO process, the RO membrane exhibits superior performance in removing impurities from sea water (Lee et al. ) and industrial waste water, such as boiler feed (Koo et al. ) , electronic industry effluent (Ndiaye et al. ) and pharmaceutical waste water (Radjenovic et al. ) . The performance of RO membrane largely relies on membrane material and structure (Geise et al. ) . The most successful and commercially available RO membrane is thin film composite (TFC) polyamide membrane, widely regarded as the 'state-of-the-art' (Tiraferri et al. ) , due to its superior salt retaining capacity and water permeability (Kang et al. ) . However, a major challenge facing the widespread application of RO technology is membrane fouling, which mainly stems from ubiquitous biological substance and natural organic matter (NOM) in the treatment environment (Rana et al. ) . Once bacteria adhere to the membrane surface, the process of their metabolite production and colonies growth will degrade membrane material and form irreversible fouling. This fouling undoubtedly compromises the membrane's longevity and increases the associated (Jiang et al. ) . This class of brush has already been shown to have superior advantages for fouling control in ultrafiltration membranes (Sun et al. ; Kang et al. b) . In addition, polymer brushes with low surface energy can also limit adhesion. They provide the surface with a weak foulant/surface adhesion and, as a result, attached bacterial cells can be easily washed off from the membrane surface (Coneski et al. ) . As a typical, low surface energy polymer brushes, poly(dimethylsiloxane) (PDMS), and perfluorinated (Liu et al. ) , are commonly considered as the 'fouling-release brushes' (Coneski et al. ) , but are largely overlooked by the membrane research community.
The adhesion strategies for different types of foulants can vary widely, therefore it is important to combine polymer brushes that contain different functionalities for membrane fouling control (Rahaman et al. ) . Direct grafting of polymer bushes onto the membrane surface may be efficient, but results in a thin active layer (2 nm) and also may negatively 
MATERIALS AND METHODS

Materials and chemicals
Grafting and patterning of the polymer brushes
The patterning of polymer brushes onto LbL films was performed through Thiol-ene click reaction (Figure 1(d) ). The first solution of thiol-therminated polymer (100 mg/mL) was spray-coated with a radical photoinitiator on the PAGE-functionalized LbL film, and then certain regions of the membrane were exposed for 30s to UV light (3,500 uW/cm 2 ) using a checkerboard patterned photomask with features of 2, 5, 10 or 25 μm. Grafting occurred only in the exposed areas, and no reaction was observed in the unexposed areas. After washing with DI water (or hexane in the case of the PDMS brushes), a second polymer was spraycoated with the UV initiator, and the entire membrane was exposed to UV light. This led to the grafting of the second polymer on the previously unexposed regions.
Membrane characterization
XPS experiments were carried out on surface science instrument model SSX-100. The average elemental compositions were calculated from analyzing results obtained from three different spots on the membrane surface. In Table 1 , 'Quats/sulfobetaine-sulfobetaine' means the sulfobetaine domains of a binary patterned membrane first with quaternary ammonium followed by the grafting of sulfobetaine in a second step. The 'Quats/sulfobetaine -quats' is the quaternary ammonium domain of the same membrane. Surface wettability was evaluated from contact angle measurements of DI water using the sessile drop method (VCA Video Contact Angle System, AST Products, Billerica, MA, USA). The system was equipped with software to determine the left and right contact angles (VCA Optima XE). Surface energy was calculated from the advancing contact angles of water, ethylene glycol and diiodomethane on the membrane surfaces.
Antifouling activities evaluation
Protein absorption tests were conducted by immersing the 
RESULTS AND DISCUSSION
XPS analysis
XPS analyses of both patterned and unpatterned polymer brush-modified membrane surfaces were conducted On the other hand, functionalizing polyelectrolyte bilayers with poly(sulfobetaine) brushes resulted in a rise of sulfur content. Since sulfobetaine and quaternary ammonium contains -SO 3 -and -NH-units, respectively, the variation in the N:S ratio after the grafting reaction confirmed the successful grafting of the polymer brushes onto the membrane surface.
By grafting poly(quaternary ammonium) and poly(sulfobetaine) patterned polymer brushes on LbL multi-films, the nitrogen to sulfur ratios of the poly(quaternary ammonium)
domains remained almost identical to that of pure poly(quaternary ammonium) brush-modified membrane. Similarly, a nearly identical N:S ratio was observed on poly(sulfobetaine) domains and pure poly(sulfobetaine) functionalized membrane. The XPS analysis of PDMS/sulfobetaine patterned membrane also exhibited similar observations. This demonstrated that there was no contamination of the second polymer brush in the domains patterned with the first polymer brush.
Water contact angle and protein adsorption test
The surface wetting phenomena of the membranes modified 
SEM analysis
The changes in surface morphology and the antifouling behavior of the modified membranes were analyzed using SEM ( Figure 5 ). As expected, the control polyamide membranes exhibited a uniform ridge-and-valley morphology 
Implications and challenges
Water scarcity is a critical global concern; water reuse and desalination are currently considered as the only effective ways for increasing water resources beyond the hydrological cycle (Shannon et al. ) . Owing to its unique separation performance, RO membranes play an irreplaceable role in industry of waste water purification and sea water by 10 bilayers are stable in saline water for 74 days during reverse osmosis process, further experiment is needed to observe the long time performance of functionalized polymer brushes on the membrane surface. An effective modification process is another challenge facing the grafting method. However, the grafting method used in this study is highly scalable and could be implemented in a roll-to-roll process since the required UV irradiation dose is very low.
CONCLUSIONS
The change in nitrogen to sulfur ratio (N:S) observed on different polymer brush-modified areas confirms the successful patterning of polymer brushes on the LbL film. Also, consistent N:S ratios of pure and patterned polymer brushmodified membrane surfaces indicate that there was no contamination of the second polymer brush in the domains patterned with those of the first polymer brush.
Biocidal quaternary ammonium and zwitterionic charged poly(sulfobetaine) brushes significantly lowered the contact angle of membrane surface, and subsequently resulted in the reduction of protein deposition. PDMS modified surface with lower surface energy exhibited an excellent fouling-release property.
In general, surface modifications with different types of polymer brushes resulted in a significant reduction of bacterial cell adhesion. However, PDMS and poly (sulfobetaine) polymer brushes patterned surface showed excellent antifouling properties (normalized cell attachment 7%, compared to 100% for virgin membrane).
Overall, both antifouling and fouling-release results suggest the potential of using this novel surface coating for controlling membrane fouling.
